The Cys-loop family of ligand-gated ion channels contains both vertebrate and invertebrate members that are activated by GABA (γ -aminobutyric acid). Many of the residues that are critical for ligand binding have been identified in vertebrate GABA A and GABA C receptors, and specific interactions between GABA and some of these residues have been determined. In the present paper, I show how a cation-π interaction for one of the binding site residues has allowed the production of models of GABA docked into the binding site, and these orientations are supported by mutagenesis and functional data. Surprisingly, however, the residue that forms the cation-π interaction is not conserved, suggesting that GABA occupies subtly different locations even in such closely related receptors.
Introduction
There are a range of vertebrate and invertebrate GABA (γ -aminobutyric acid) receptor members of the Cys-loop ligand-gated ion channel family, a family which also includes nACh (nicotinic acetylcholine), glycine and 5-HT 3 (where 5-HT is 5-hydroxytryptamine) receptors. The vertebrate members of the family, GABA A and GABA C receptors, are anion-selective, whereas both cation-and anion-selective invertebrate GABA-activated receptors are known. The receptors are pentamers: each subunit has a large extracellular ligand-binding domain and a transmembrane domain containing four membrane-crossing α-helices (M1-M4) and a large M3-M4 intracellular loop. Currently, 19 vertebrate GABA receptor subunits have been identified, and thus potentially there are a very large number of different receptors, although data suggest that not all possible combinations are possible and some are more common than others, e.g. many GABA A receptors contain 2α, 2β and a γ subunit [1] . The different subunits confer distinct properties on the receptor, and thus a better understanding of the control of subunit stoichiometry and the expression patterns of the different subunits are areas of active research, especially because the vertebrate GABA A receptor is an important therapeutic target.
The GABA-binding site
The agonist-binding site is at subunit interfaces ( Figure 1 ). There are, as yet, no high-resolution structural details of GABA receptors, but the structure of the binding site has been modelled using the related AChBP (acetylcholinebinding protein) structure, and residues involved in Key words: Cys-loop, γ -aminobutyric acid type A receptor (GABAA receptor), γ -aminobutyric acid type C receptor (GABAC receptor), ligand-gated ion channel, mutagenesis, unnatural amino acid. Abbreviations used: AChBP, acetylcholine-binding protein; GABA, γ -aminobutyric acid; 5-HT, [17] [18] [19] [20] .
Cation-π interactions at Cys-loop receptor binding sites
Aromatic amino acids are found in the binding sites of all Cys-loop receptors, where they form an 'aromatic box', which is a source of hydrophobicity that occludes water from the binding pocket and provides sites for interactions with ligands, including a cation-π interaction. Previous studies show that, in the nACh and 5-HT 3 receptors, a tryptophan residue on loop B contributes to agonist binding through such an interaction [21, 22] . In MOD-1, however, another 5-HT-gated channel that is highly homologous with the 5-HT 3 receptor, the loop B residue is a tyrosine. Surprisingly, in this receptor, 5-HT does not make a cation-π interaction with this tyrosine residue, but instead it reorients to make a cation-π interaction with a tryptophan residue on loop C, consistent with the bias for tryptophan in cation-π interactions [23] .
Cation-π interactions in GABA receptor binding sites
There are no tryptophan residues in GABA A or GABA C receptor binding sites, and the 'aromatic box' residues are tyrosine and phenylalanine. Thus, to explore potential cation-π interactions in these receptors, a series of phenylalanine analogues containing an increasing number of fluorine atoms were incorporated into aromatics at prospective cation-π sites. As the cation-π binding affinity of aromatics is strongly influenced by electrostatics, addition of electron-withdrawing fluorine atoms around the aromatic ring systematically diminishes the negative electrostatic potential on the face of the ring and thus the cation-π binding ability [24] . Examination of receptor function following expression in oocytes using nonsense suppression can subsequently reveal those aromatic residues which contribute to cation-π interactions [25, 26] .
The aromatic residues on GABA receptors which we would anticipate could form cation-π interactions are on loops B and C, and indeed examination of Tyr 198 in loop B of the GABA C receptor revealed that this residue, which is equivalent to the cation-π -interacting residue in nACh (Trp 149 ) and 5-HT 3 (Trp 183 ) receptors, formed a cation-π interaction with the ammonium ionic moiety of GABA [19] . However, similar experiments on the α 1 /β 2 GABA A receptor revealed a cation-π interaction at an unexpected residue: β 2 Tyr 97 on loop A [27] . This is the first instance of a Cys-loop receptor that displays a cation-π interaction with a loop A residue. Loop A does contain an aromatic box residue in the nACh receptor, αTyr 93 , and in AChBP crystal structures this tyrosine residue aligns with Tyr 89 , which is clearly located at the 'bottom' of the aromatic box. However, β 2 Tyr 97 of the GABA A receptor only aligns with αTyr 93 and Tyr 89 if a two-amino-acid gap is inserted into the conserved loop A WXPDXXXXN motif. This is unexpected as this loop has a important role in positioning the rest of the binding site, particularly loop B [28, 29] . Nevertheless, previous studies support the location of this residue in the binding pocket: Y97C mutant receptors are protected from covalent modification by the presence of GABA or the GABA A receptor antagonist SR-95531 [6] , and the mutation results in the same relative effect (∼100 fold increase) on the GABA EC 50 , which incorporates both binding and functional parameters, as on the SR-95531 IC 50 , which involves a purely binding phenomenon.
The location of a cation-π interaction on loop A, in contrast with loops B or C for other members of the Cysloop family, supports previous suggestions that the 'lock and key' metaphor is not appropriate for such receptors [23] . A precise protein-ligand lock-and-key interaction suggests there would be a conserved location for the cation-π interaction in the binding pocket, especially when considering similar receptors; GABA A and GABA C receptors share >60% homology in their extracellular domains. However the cation-π interaction 'moves' from loop B in GABA C [19] to loop A in the GABA A receptor [27] , showing that even the same ligand does not need to bind in the same way to initiate a structural change that results in channel opening.
GABA receptor models
The identification of a cation-π interaction between the ammonium moiety of GABA and a specific aromatic residue in the binding pocket provides a locus for orientating GABA accurately in the binding site. In the GABA A α 1 β 2 receptor, positioning the amine of GABA close to β 2 Tyr 97 fits well with the probable location of the carboxy tail of GABA close to α 1 Arg 67 and β 2 Arg 207 . Wagner et al. [14] showed that β 2 Arg 207 affects GABA binding and unbinding without changing channel gating, and they hypothesized that the arginine side chain contacts directly the carboxy group of the GABA molecule in conjunction with α 1 Arg 66 (α 1 Arg   67 by human numbering) [12] . A quite distinct orientation is revealed when GABA is docked into the GABA C receptor binding site with its amine group close to Tyr 198 ; Figures 2(A) and 2(B) show the GABA A and GABA C receptor binding sites with the loop C tyrosine residues (Tyr 205 and Tyr 247 respectively) in approximately the same orientation, yet the loop B tyrosine residue in the latter receptor (Tyr 198 ) is almost completely obscured by GABA, whereas in the GABA A receptor, is it clearly visible. Figure 2(D) shows that GABA in the GABA C receptor in this orientation has its carboxy tail located between Arg 104 and Arg 158 , residues which have been shown to be important for ligand binding [18] .
Conclusions
In conclusion, cation-π interactions between GABA and a tyrosine residue in the aromatic box of loops A and B in the GABA A and GABA C receptors respectively have allowed the orientation of the GABA molecule in the binding pocket to be modelled. These data demonstrate the importance of this type of interaction in the binding of neurotransmitter and establish that the exact location of the cation-π interaction in the binding site is not critical, as it is not conserved among closely related members of the Cys-loop family. These data should assist in understanding how ligand binding results in channel opening and also should prove useful in drug development. 
